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This review presents the results of theoretical investigations into the influence of short-range
nucleon—nucleon correlations on the basic properties of nuclei and nuclear reactions in
approaches that do not use the mean-field approximation. The question is considered in detail
in the framework of the generator-coordinate method, the coherent density-fluctuation

model (CDFM), and the natural-orbital method. Special attention is devoted to study of the
momentum and density distributions of the nucleons in nuclei on the basis of the

functional relationships between them. The momentum distributions of two-nucleon clusters
in nuclei are also considered. Also discussed are the spectral functions and widths of

deep nuclear hole states, the energies and density distribution of the nucleons in the ground
state and excited collective monopole states, the occupation numbers, and the natural

orbitals in various correlation approaches. The part played by correlations is analyzed for some
particle-nucleus and nucleus—nucleus interactions such as elastic and inelastic scattering

of electrons and protons and the elastic scattering of a particles and heavier ions.

INTRODUCTION

To analyze a large proportion of modern nuclear ex-
periments at both at high and low energies, it is necessary
to go beyond the limit of applicability of the mean-field
approximation. This is the case for deep inelastic scattering
of protons by nuclei and inclusive and exclusive electron—
nucleus scattering. These processes reveal the presence of
high-momentum components of the momentum distribu-
tions of the nucleons in nuclei, a partial decrease in the
level population below the Fermi level and partial occupa-
tion of levels above this level in the nuclear ground state,
the presence of large widths of deep hole states, and more.
These results do not agree with the predictions of the shell
model. It is especially worth studying two basic nuclear
characteristics, namely, the momentum and density distri-
bution of the nucleons in the nuclei. In principle, these
distributions are determined by one and the same many-
particle wave function, represented in different spaces. The
exact nuclear wave function (as a solution of the many-
particle problem) makes it possible to determine both the
momentum and the density distribution in the system, as
well as the exact connection between them. However, the
presence of short-range nucleon-nucleon correlations, ten-
sor correlations, etc., which result from specific features of
the nucleon—nucleon forces, coupled with the fundamental
difficulties in solving many-particle problems, makes it
necessary to use approximations to find the wave function.
In various nuclear models, these approximations make it
impossible to give a correct description of the density and
momentum distributions simultaneously. A typical exam-
ple is provided by the approaches developed in the frame-
work of the Hartree-Fock approximation (see, for exam-
ple, Ref. 1), which do not include a significant proportion
of the dynamical short-range nucleon-nucleon correla-
tions. In these approaches, the achievement of a correct
description of the density distribution leads to failures in
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determination of the nucleon momentum distribution,™

which is sensitive to dynamical correlations. It is therfore
necessary to develop approaches that go beyond the mean-
field approximation by taking into account appropriately
the nucleon correlations in the nuclei.

In this review, we consider some basic theoretical cor-
relation approaches. We discuss in detail the generator-
coordinate method, the coherent density-fluctuation model
(CDFM), and the natural-orbital method in nuclear the-
ory. Section 2 is devoted to the influence of nucleon—
nucleon correlations on basic nuclear characteristics such
as the nucleon momentum and density distributions, the
energies and densities of nuclei in the ground state and in
excited collective states, the spectral functions of deep hole
states, the occupation numbers, and natural orbitals. The
influence of correlations on the cross sections for elastic
and inelastic scattering of electrons and protons by nuclei
and for elastic scattering of a particles and heavier nuclei
are discussed in Sec. 3. The main results are briefly sum-
marized at the end.

1. THEORETICAL APPROACHES THAT GO BEYOND
THE MEAN-FIELD APPROXIMATION

Need for the construction of nuclear correlation
approaches

Analysis of the particle-nucleus interactions men-
tioned in the Introduction requires detailed study of the
nucleon momentum distribution, which depends strongly
on the nature of the nuclear forces.’ The form of the nu-
cleon momentum distribution n(k) at momenta k<kg
(where kg is the Fermi momentum) is determined by the
attractive part of the nucleon—nucleon forces at large dis-
tances. The behavior of n(k) at momenta k> kg depends
on the repulsive core of the forces at short distances. It is
therefore to be expected that the high-momentum compo-
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nents of the nucleon momentum distributions in nuclear
matter and in finite nuclear systems will be similar.

The nuclear shell model gives reasonable results for
n(k) when k<kg, the nucleon momentum distribution in
this case being weakly sensitive to the correlations. How-
ever, for k> kg the presence of correlations leads to a be-
havior of the momentum distributions that does not agree
with the predictions of this model. Qualitatively, the reason
for this is that the potential of the shell model is smooth,
and the corresponding wave functions do not contain high-
momentum components. This model does not allow large
momenta to arise from the encounter of two particles. The
situation in the Hartree-Fock method is similar. Overall,
the calculations in this method reproduce satisfactorily nu-
clear characteristics such as the binding energies, density
distributions, radii, etc. However, the results for the mo-
mentum distributions are similar to those of the shell
model and differ from the experimental data when k> k.
The main reason for this is that the single-determinant
wave function of the system does include correlations as-
sociated with the Pauli principle but does not contain all
the significant effects of short-range nucleon—nucleon cor-
relations. According to Ref. 6, the realistic behavior of
n(k) at large momenta is a consequence of correlations
contained in a nuclear wave function ¥ of nondeterminant
type.

As was shown in Refs. 3 and 7, an appropriate crite-
rion for proximity of the exact single-particle density ma-
trix

p(rr)=A4 f W*(r,ry...) ¥ (r',r,...)drydr;...dr 4 (1)

to the single-particle density matrix py(r,r’) corresponding
to a single-determinant wave function of the system is the
requirement of minimality of the mean-square deviation of
these two matrices:

Tr[(p — po)?] =min. (2)

It was shown in Ref. 7 that this condition is satisfied
when py(r,r’) corresponds to a single-determinant wave
function constructed from natural orbitals, i.e., single-par-
ticle functions @,(r), for which the exact single-particle
density matrix has the form®

p(rr)= 2 np¥(r)p,(r'). (3)

In (3), n, are the occupation numbers of state a, and
0<n,<1, 2, n,=A, where A4 is the mass number.

Solution of the many-particle problem in the Hartree—
Fock approximation leads to a single-particle density ma-
trix p(l;“:(r,r') that, in general, differs from the py(r,r’) that
satisfies (2). As was shown in Ref. 3, use of the Hartree-
Fock procedure to make the diagonal elements of the p and
P consistent, [p(r,r) =~ pg*(r,r)], ie., the attempt to
make the density distributions consistent, leads to an in-
crease in the deviation between the nondiagonal elements
of these two matrices [p(r,r’) and pf)“:(r,r’) for r=4r'].
Since the nondiagonal elements play an important part in
the determination of the nucleon momentum distribution,
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n(k)= fdrdr’ ke —rp(r,r’), (4)

it is not possible in the Hartree—Fock method to obtain
simultaneously a realistic description of the momentum
and density distributions. This is confirmed by the example
of the “He nucleus, for which it has been shown? that the
single-determinant wave function cannot describe the form
factor (or charge density) and momentum distribution of
the nucleons in this nucleus.

Main correlation approaches

In some of the theoretical approaches that take into
account the short-range nucleon—nucleon correlations, the
ground-state wave function ¥({r;}) (i=1,...,4) is con-
structed on the basis of the wave function ®({r;}) of the
shell model. Thus, in Ref. 9 the relation

W({r})=Fd({r}) (5)

is used to introduce the correlation operator ﬁ, which is
determined by the two-nucleon forces.

In the Jastrow approach,'®!? the many-particle wave
function is approximated by a variational wave function
that contains central, spin, isospin, tensor, and spin—orbit
correlations of a nucleon pair:

r,>—(s H1 ,,)<I>< 1), (6)
l>j
where
8
= 2 /(0 (7
p=
and

05~ t=1, (171, (070y), (070)),
('T"”TJ'), SU’ Sij(Ti'Tj), L'S, L'S(f,-"l'j).

The parameters of the correlation functions /7 (r;) are de-
termined by a requirement of minimal energy of the sys-
tem.

The influence of nucleon-nucleon correlations on the
properties of finite nuclei can also be investigated in the
theory of bound clusters, or the so-called exp S method
(see, for example, Refs. 6 and 14). In it, the total many-
particle wave function is written in the form

| W) =exp(S) | D), (8)

where @ is a determinant of single-particle orbitals, and
S = 2,,_1S is a sum of the operators S,,, which create
n-particle-hole excitations. This theory can be applied in
practice only for light nuclei (*He and '°O in Ref. 6), the
system of nonlinear coupled equations for the amplitudes
relating to S, being solved by a truncation procedure.

High-momentum components of the nucleon momen-
tum distribution for '°0 analogous to the components in
Ref. 6 were obtained in Ref. 15 on the basis of Brueckner
theory for finite nuclei.

We should also mention the approach developed in
Ref. 16 to go beyond the mean-field approximation. In it,
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each state is approximated by a linear combination of sev-
eral projected determinants of the Hartree-Fock—
Bogolyubov method.

As was shown in Ref. 17, allowance for two-particle
correlations also presents a serious difficulty in the time-
dependent Hartree-Fock method. The diagrams that take
into account the two-particle-two-hole excitations are in-
cluded in the method by means of an effective density-
dependent interaction. However, the neglect of the time
dependence of the two-particle correlations in the method
introduces an error when high-energy reactions are inves-
tigated.

It is interesting to consider the influence of short-range
correlations in an exactly solvable schematic one-dimen-
sional model of N bosons that interact through §-function
forces.'®2° There was found to be a power-law asymptotic
behavior of the nucleon momentum distribution,

1
n(g)~, @] 4. (9)

and of the form factor:

o(g)\V !
F(q)~ (_qr) for ¢q/N>»1, (10)
where v(g) is the Fourier transform of the two-particle
potential.

A phenomenological model*>** has been proposed for
the study of dynamical short-range and tensor nucleon—
nucleon correlations in finite nuclear systems in the frame-
work of the method in which correlation effects are inves-
tigated by means of a unitary two-particle correlation
operator?' applied to the wave function of a particle pair in
a two-particle density matrix.

In infinite nuclear matter, the correlation approaches
are associated with study of the mass operator X (k,E)
corresponding to the single-particle Green’s function:

1
E — (kK*/2m) — 3(k,E)

If the nucleon—nucleon interaction v admits an expan-
sion of X in perturbation theory (in powers of v), it is
interesting to consider the terms following the Hartree—
Fock term in the various approaches?* and their influence
on the occupation numbers of the single-particle states,?>2¢
effective masses, level densities, etc.2® In the case of realis-
tic nucleon—nucleon forces, when this expansion is invalid,
one can make partial summations of diagrams, and this
leads to the so-called hole-line expansion of the mass op-
erator (or low-density expansion).?**’-3! The first term of
this expansion is the Brueckner-Hartree—Fock approxima-
tion (see, for example, Refs. 24 and 32). The expansion
makes possible systematic calculations of the expectation
values of the n-particle operators in infinite and finite (see,
for example, Ref. 15) nuclear systems.

G(k.E)= (11)

Generator-coordinate method

The generator-coordinate method (GCM)3*** was

proposed as a variational method for studying the collec-
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tive motions of nucleons in nuclei. In it, the total many-
particle wave function of a system of A nucleons is ex-
pressed in the form

W(l',',...,rA) = ff(xl,xz,...)CD(r,,...,rA;xl,xz,...)dxldxz... .
(12)

The generating function ®({r;}; x,x5,...) (i=1,2,...,4) de-
pends on the radius vectors {r;} of the particles and on the
generator coordinates x,x,... . It can be chosen in the form
of a Slater determinant constructed from single-particle
functions of particles in the potential well of the so-called
construction potential, which is characterized by the pa-
rameters {x;}. The generator (or weight) function
f(x1,x,,...) is determined by the condition of minimal en-
ergy of the system, which leads to the Hill-Wheeler—
Griffin equation:

f [77(x,x") — EI(x,x") ] f(x")dx'=0, x={x;].
(13)

The overlap kernel 7(x,x’) and the energy kernel 7 (x,x’)
have the form

I(xx")=(®({r;},x) | P({r;},x")), (14)

H(x,x") = (@ ({r;},x) | H|®({r},x"), (15)
where

~ p;

H=2 5+ 2 v (16)

i i<j
is the Hamiltonian of the nuclear system.
It was shown in Ref. 34 that in the case of many fer-
mions the §-function approximation is valid:

I(xx')-6(xx"), (17)
% ’ ﬁz ” ’
(xx") - — 2me56 (x —x")
+5(x—x')V(x;x), (18)
and it leads to the Schrodinger equation
7
- S (x) + V(x)f(x)=Ef(x) (19)

2meﬁ'

for the function f(x). In Eq. (19), mis an effective mass,
which depends in the general case on the generator coor-
dinates. Note that the linear superposition of the Slater
determinants @ in (12) takes the GCM beyond the range
of the Hartree-Fock approximation. The extent to which
the nucleon correlations are taken into account depends on
the nature and number of the considered generator coor-
dinates.

The GCM has been used in a number of studies (see,
for example, Refs. 35-38) of nuclear properties. In Refs.
39-42, it was the basis of an approach developed to calcu-
late the single-particle*** and two-particle*’ momentum
distributions, occupation numbers and natural orbitals,*?
and the energies and density distributions*** in the nuclei
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“He, 160, and “Ca. The single- and two-particle momen-
tum distributions were obtained on the basis of the single-
and two-particle density matrices, respectively:

p(r,r')=Jff*(x)f(X’)I(x,x’)p(x,x’,r,r')dxdx’ (20)
and
1
plEtstntd = | [ dxdx' 01/ ()T Gx)
X [p(xx";E1,E1)p(x,x":62€7)
- p(x’x,;glrgé)p(x’x';gbgi) ]» (21)
where§; = (r,0,7;),
A
plxxEE) = HE_ v D ugk(xE)@ixE),  (22)

(N ') is the matrix that is the inverse of the matrix

Ny(xx)=2 fdwf(x,g)cpz(x',é), (23)

I(x,x') =det(Ny); (24)

and ¢,(x,§) are the proton and neutron single-particle
functions that occur in the Slater determinant ®({r;},x)
and correspond to a definite construction potential. In this
case, the energy kernel has the form*

H(x,x")=(P({r;},x) | ®({r;},x")) X f H(x,x'r)dr,

(25)
where in the case of equal numbers of protons and neu-
trons (N=2Z) and effective Skryme forces (with neglect of

Coulomb and spin—orbit interactions) H(x,x’,r) has the
form*

L 3 Y
H(x,x ,r):ET-kgtop + 1—6(311 +54) (pT +j°)

1 2 1 2+0
+57(9n — 58) (Vp)? + getip™ *°. (26)

In (26), 7y, 1, t,, t3, 0 are parameters of the Skyrme forces,
and
A/4

pxx'r)=4 2 (N~1,0¥rx)@,(rx);
Au=1

A/4
T(xx't)=4 X (N~ Vek(rx)Ve,(rx");
s (28)

(27)

A/4

jOex'r) =2 AZ T D uleX(rx)Ve,(n,x’)
=

— [Vef(rx) 1@, (rx)}. (29)
The function f(x) in (20) and (21) is a solution of Eq.
(13).
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Coherent density-fluctuation model

In Refs. 4, 45, and 46, the GCM was taken as the basis
for the development of a coherent-fluctuation model for
the nuclear density (CDFM). By analogy with the relation
(17), it was assumed that for a many-fermion system the
generating function satisfies the relation

f O*(r,ry,...,r5x" )O(r',ry,...,r ;x)dry...dr 4

(30)

where p,(r,r') is the single-particle density matrix of the
system described by the function &:

=p,(r,r)d(x —x'),

px(r,r')= f O*(r,ry,...,r ;X)) P(r',ry,....r 5x)dr,...d0 .
(31)

In the case when ®({r;};x) corresponds to a state of the
system with constant density,

px(r)=po(x)0(x — |r|), (32)

where p,(r)=p,[r,(r' =r)] and py(x) =3A4/4mx>, the ra-
dius of a sphere containing all 4 nucleons (so-called fluc-
ton) was taken as the generator coordinate x. In this case,
following the analogy with the theory of nuclear matter,
the density matrix (31) can be written in the form

" JiltkeX) [r—1') ,
px(r,r’) =3py(x) ke () £ — 1] O(x —z|r+r'[), (33)

where

37 3 a 9rA\'7
kF(x)=(—2-—po(x)) E—x-, a=(T) .

The single-particle density matrix is then determined
by a coherent superposition of single-particle density ma-
trices of nuclear matter with different densities py(x):

pirey= [ 7 1) patrsax. (34)
The density and momentum distributions of the nucleons
have, respectively, the form

p(r)= f: 1£(x) | 200(x)0Cx — [r|)dx; (35)

o 4
n(k):f |f(x)|2§7rx39(kF(x)—|k|)dx. (36)

0
In principle, the weight function f(x) of the model can be
determined from Eq. (19), in which the expression for the
energy of nuclear matter with density py(x) is taken as the
potential energy ¥(x) of the collective motion.*’

The weight function can be determined from (35) by
means of the density distribution p(r):

B dp(r)
po(x) dr | _~’

|f () |>= (37)

this relation holding for monotonically decreasing densities
p(r).
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It was shown in Ref. 48 that in the CDFM the
particle-nucleus elastic scattering amplitude has the ap-
proximate form

An(@)= [ 7 sl ) 2o(xa), (38)
0

where A4,(x,q) is the amplitude for scattering of the inci-

dent particle by a flucton of radius x, and q is the momen-

tum transfer.

Natural-orbital method in nuclear theory

As was shown in Refs. 4 and 49, the nature of the
single-particle description of nuclear properties in the
mean-field approximation can be preserved in correlation
approaches by using the natural-orbital method (NOM).?
In it, the single-particle density matrix p(r,r’) has the form

p(rr') = 2 nk(r)d(r'), (39)

a
where ¥,(r) are the natural orbitals, and n, are the occu-
pation numbers, satisfying the relations

0<n,L1, Z n,=A. (40)

a
We note that in the Hartree-Fock approximation n,=1
below the Fermi level and n, = 0 above it.

The natural-orbital representation has been used to
study nucleon—nucleon correlations, basically by two
methods.* In the first of them (see, for example, Refs. 3
and 50-53), the natural orbitals are constructed by means
of wave functions corresponding to the Woods-Saxon po-
tential in order to reproduce the experimentally observed
single-particle energies and distribution of the nuclear den-
sity (single-particle potential method®®®!) or the energy
spectrum obtained in self-consistent Hartree—Fock
calculations.**>** The occupation numbers are obtained
either from analysis of reactions with nucleon transfers®® or
from theoretical calculations that take into account nu-
cleon correlations of different types.>*>>* In the second
method, one diagonalizes the single-particle density matrix
p(r,r’) obtained in various correlation approaches [for ex-
ample, in the Jastrow method for “OCa (Ref. 56), in the
CDFM?® for 190, °Ca, **Ni, and 2**Pb, and in the GCM*
for *He, '°0, “°Ca (see Sec. 2)]. It should be emphasized
that the natural orbitals and occupation numbers obtained
in this manner are determined on a unified basis and are
mutually consistent, in contrast to the results of the first
method.

2. NUCLEON-NUCLEON CORRELATIONS AND BASIC
CHARACTERISTICS OF NUCLEAR SYSTEMS

Nucleon momentum and density distributions

In this section, we discuss the influence of nucleon—
nucleon correlations on the nucleon momentum and den-
sity distributions, and also the connection between these
basic characteristics of the nucleus. As is well known, the
local nucleon density distribution p(r) is a fundamental
characteristic for experimental and theoretical investiga-
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tions because of its relation to basic nuclear properties such
as the shape and size of the nucleus, the binding energy,
etc. The nuclear density also plays an important part as a
fundamental dynamical variable in the theory. The use of
p(r) as a fundamental variable leads to a significant sim-
plification of the theory compared with the description in
terms of a many-particle wave function. Examples of the-
oretical approaches in which p(r) plays the part of a dy-
namical variable are the Thomas—-Fermi model (see, for
example, Ref. 57), the extended Thomas—Fermi
method,*® as well as other phenomenological methods
(see, for example, Ref. 47). A very important step in the
development of the theory of the density functional is the
Hohenberg—Kohn theorem,®"%2 which proves the existence
of an energy functional E[p] of a system of electrons as a
universal and unique density functional. This theorem,
which is also valid for a system of nucleons, states that the
many-particle wave function and, therefore, all properties
of the ground state of the system are unique functionals of
the density:

VoW (et slp]) =Y [pl. (41)

The single-particle density matrix p(r,r’), found in terms
of ¥[p], is also a functional of the density. Thus, as was
shown in Refs. 4 and 63, the momentum distribution n (k)
(4), which depends on p(r,r’;[p]), is also a unique func-
tional of the density. An example of the functional depen-
dence n(k;[p]) is the expression obtained in the CDFM for
the momentum distribution:**546

47 4 ; S a\b /a
n(k;[p])=?2[6fo p(x)x’dx — (Z) p(z)

dk
J raogz=a

(42)

which is valid for monotonically decreasing densities p.
Note that the momentum distribution (42) has power-law
asymptotic behavior n(k) — . wk ~ 8 under the condition
P’ |r=0=0, p”|,—o7#0 in agreement with the conclusions
from Refs. 18-20. The result [n(k) - n(k;[p])] obtained in
Ref. 63 makes it possible to formulate a theoretical ap-

- proach in which p(r) and n(k) participate as dynamical

variables on an equal footing with allowance for the func-
tional relationship between them. The energy functional

Elp,n]1=E[p,n) _EFfp(r)dr— fg(k)[n(k)

—n(k;[P])]W (43)

was proposed, and a system of equations for p(r), n(k),
g(k) and for the Lagrangian multiplier Er was obtained
from the variational principle:
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NC i VGCMHO

FIG. 1. Momentum distribution of nucleons in *He according to: CDFM
(Ref. 64), GCMRW and GCMHO** (generator-coordinate method
with infinitely deep rectangular well and harmonic-oscillator potential as
construction potentials, respectively), RSM and DSSM (exp § method®
with Reid and de Tourreil-Sprung potentials with soft cores, respec-
tively), and NC (no correlations).® The normalization is f, ;n(k)kzdk
=A.

SE6E [ dk _ n(klpl) |
el e e
SE _ 6E g(k)
" 2 »

Jp(r)dr:A,

n(k)=n(k;[p]). )

Use of the functional relationship (42) for n(k;[p]) in the
CDFM and the specific choice of the potential energy V[p]
from Ref. 47 lead to a satisfactory estimate of the nucleon
separation energies in the case of the '°0 and “’Ca nuclei.®

The results of calculations of the nucleon momentum
distribution in the various correlation approaches for the
nuclei 4He, 2c, 16O, “Ca, and 2°’Pb are shown in Figs.
1-6. The nucleon momentum distributions for “He and 'O
in Figs. 1 and 2 were calculated in the CDFM®* by means
of the relation (42) using a symmetrized Fermi density
distribution p(r) (Ref. 65) with parameters determined
from data on elastic electron—nucleus scattering, in the
GCM¥% by means of the relations (20), (22)-(24) and
the construction potentials of an infinitely deep rectangular
well and a harmonic oscillator using Skyrme effective
forces, in the exp S method® using the Reid nucleon—
nucleon potential and the de Tourreil-Sprung potential
with soft cores, and in the Hartree-Fock method.® The
principal characteristic feature of the momentum distribu-
tions obtained in the correlation approaches (CDFM,
GCM with rectangular construction potential, exp .S) is
the presence of a high-momentum component at momenta
k=2 fm ~; this indicates that there is effective allowance

(43a)
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f
NC - ™ GCMHO

FIG. 2. Momentum distribution of nucleons in '®O (notation as in Fig.
1). The normalization is f@n(k)kK*dk = A.

for the short-range correlations in these approaches. Figure
3 shows that the results of the CDFM, the exp S method,
and the correlation approach of Ref. 66 agree with the
experimental data for the nucleon momentum distribution
in “He obtained from *He(e,e’) reactions (see, for example,
Ref. 67). It can be seen from Fig. 4 that the results of the
correlation approaches (CDFM and the method of Ref.
13) also agree with the data for n(k), including momenta
kz2 fm~ in the case of the 2C nucleus.®”*® Figure 5
compares the theoretical results for n(k) in “°Ca obtained
in the shell model with a harmonic-oscillator potential, in
a phenomenological model that takes into account tensor
and short-range correlations,? in the approach of Ref. 13,
in the CDFM,® and in the natural-orbital method.’! In the
last case, natural orbitals obtained in a single-particle
potential®® and occupation numbers with different percent-
ages of protons above the Fermi level in relation to the
total number of protons were used. It was shown that a

104

s
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FIG. 3. Momentum distribution of nucleons in “He. The squares are data
from the “He(e, ¢’) reaction (Ref. 67), the dotted curve is the calculation
in the exp S method (Ref. 6), curve 1 is the calculation of Ref. 66, and
curve 2 is the calculation in the CDFM.* The normalization is
fn(k)dk = 1.
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FIG. 4. Momentum distribution of nucleons in >C. The black circles and
crosses are the experimental data taken from Refs. 67 and 68; the con-
tinuous curve shows the results of Ref. 13; the chain curve, the results in
the CDFM (Ref. 45); the dotted curve gives the results in the Hartree-
Fock method. The normalization is fn(k)dk = 1.

deviation of the occupation numbers from their values in
the Hartree—Fock method has a relatively small influence
on the behavior of n(k) at large momenta and that the
main effect of the short-range correlations is contained in
the single—particle functions (natural orbitals). This can be
seen in Fig. 5, in which curve 3 gives the result in the
NOM, in which the natural orbitals participate in the
Slater determinant. Even in this case one can see that there
is a significant difference between the high-momentum be-
havior of n(k) in the NOM and in the shell model (curve
1). The CDFM has also been developed™ for the case of
nonmonotonic charge densities. Figure 6 compares the
proton momentum distributions 7n,(k)/Z for 208pp calcu-
lated in the CDFM (with charge density from Ref. 71)
and in the correlation method of Refs. 3 and 53 with ex-
perimental data for np(k)/Z in '2C and ®Ni. It can be seen
that the results of the CDFM and the approach of Ref. 3
descrlibe the data satisfactorily in the region 1.5<k<2.2
fm~—".

log n

kﬂca

=15

FIG. 5. Momentum distribution of protons in 40Ca: 1) shell model with
harmonic-oscillator potential (Ref. 23); 2) and 7) model of Ref. 23 with
allowance for tensor correlations (2) and tensor and short-range corre-
lations (7); 3)-5) natural-orbital method®' based on model of single-
particle potentials (Ref. 50); 3) Slater determinant; 4) with 3.55% pro-
tons above the Fermi level; 5) with 20.5% protons above the Fermi level;
6) CDFM (Ref. 69); 8) variational approach of Ref. 13. The normaliza-
tion is fn(k)dk = 1.

394 Sov. J. Part. Nucl. 22 (4), July-August 1991

nP(k)/Z, fm®

ol
1072
0~
w

il

0

1077

FIG. 6. Momentum distribution 7,(k)/Z of protons in 2Pb: 1) 11.6%
protons above the Fermi level; 2) CDFM° using the experimental charge
distribution from Ref. 71; the chain curve represents the Hartree-Fock
distribution (Refs. 3 and 53); the dotted curve corresponds to 20.5%
protons above the Fermi level (Refs. 3 and 53); the black circles are the
experimental data from Ref. 3. The normalization is np(k)dk = Z.

It is interesting to consider studies of effects of the
finite size of a system on the momentum distributions.”">
It was found that even in the case of heavy nuclei these
effects are very appreciable.

The influence of a potential of the shell model with
attractive and repulsive parts on the behavior of the nu-
cleon momentum distribution at large momenta was inves-
tigated in Ref. 76.

The nucleon momentum distributions at finite temper-
atures were investigated in the CDFM in Ref. 77.

A more complete analysis of the experimental data on
the nucleon momentum distributions in nuclei and a com-
parison with theoretical results are given in Ref. 4.

Two-particle momentum distributions

It was shown in Refs. 78 and 79 that the high-momen-
tum components of the two-particle momentum distribu-
tions play an important part in the description of the cross
sections of large-angle proton—nucleus scattering. In the
case of the “He nucleus, the high-momentum components
of the two-particle momentum distributions were obtained
in the correlation method using soft-core Reid forces.*

On the basis of the relations (21)-(29), the two-par-
ticle momentum distributions were calculated in the frame-
work of the GCM for the relative motion [nf,‘;}(q)] and the
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center-of-mass motion [n;;°(p)] of a proton-neutron pair
in the case of the “He, '%0, and *“°Ca nuclei.*!

In the CDFM, the following relations for these distri-
butions were obtained® in the case of nuclei with Z=N:

nems )—Afw dx|f(0) P [1— — 2!
w PI=2 ), dke(x)
p|? Ipl\.
+m O(kp(x)— > ), (44)
n'e( )—8AJ-°° dx|f(x)|2Q(x)|1— 314l
w /=5 ), 2ke(x)
lq|? (45)

+ﬁ%(7) 0(kg(x) — |q]).

Both distributions are normalized to 42/4. In them,
Q(x) =4mx/3, and | f(x)|? is determined from (37). Fig-
ure 7 gives the two-particle momentum distributions for
the *°Ca nucleus calculated in the semiphenomenological
model of Ref. 78, in the CDFM,* and in the GCM with
various construction potentials.‘u It should be noted that,
as in the single-particle case, these momentum distribu-
tions have a strong dependence on the short-range corre-
lations at momenta greater than 2 fm ~ . It was shown in
the framework of the GCM with a construction potential
in the form of an infinitely deep rectangular well that the
distributions nf;:(q) for “He, '%0, and “°Ca are very close
to each other up to ¢S4 fm ~!. Essentially, we have here
the momentum distribution of a deuteron placed in a nu-
clear medium. Investigating questions related to the nu-
cleon momentum distributions, we should note that, as is
well known, the representation of nuclei as consisting of
nucleons is valid to momentum transfers of order 1 GeV/c
(~5 fm~'). At momenta above this limit, the subnucle-
onic degrees of freedom play the main part in particle—
nucleus and nucleus-nucleus interactions.
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Ground and collective excited states of nuclei in the
CDFM and GCM

In the framework of the CDFM, the nuclear dynamics
is based on Eq. (19), in which the function V(x) is taken
to be the approximate expression for the energy of nuclear
matter with density py(x) in the approach of Brueckner ez
al.*’ The value of the parameter m.q is determined varia-
tionally by requiring consistency between the ground-state
energies for a large number of nuclei and the experimental
energies. It was shown®"# that allowance for the dynamics
in the CDFM leads to a change in the mean nucleon bind-
ing energy from the value 14-16 MeV for nuclear matter to
8-9 MeV for finite nuclei, i.e., to corrections of order
~ A*”? in the von Weizsicker formula for nuclear binding
energies. The properties of “hard” vibrations in the CDFM
associated with collective motion of the nucleons were ob-
tained. The energies of the excited O% states
(#iwy/2=19.5%> MeV) are of the order of the nuclear
binding energies. A threshold of these excitations was pre-
dicted (A3>12 for the first state and 4 R 70 for the second).
The radii of the nuclei in such excited states are apprecia-
bly greater than in the ground state (for “°Ca, r{)
= 3.35 fm, r{}) = 5.35 fm; for 2°°Pb, Q) = 5.55 fm,
Foms = 7.10 fm, r = 10.20 fm), and the density in the
central region of the nucleus is reduced. The energies of the
0% states in the CDFM agree with calculations for the
28ph  nucleus in the generalized Thomas—Fermi
approach.® Experimental discovery of the effects of the
decay of such states would be interesting. One of the pos-
sibilities is associated with isotropic emission of a particles
with energy of the order of several mega-electron-volts and
neutrons as, for example, occurs when nuclei absorb neg-
ative pions.®* Another possibility is associated with anom-
alous fission of heavy nuclei with which protons having an
energy of several mega-electron-volts interact.®>*° This
process can be interpreted by the possible occurrence of an
excited unstable “third fragment” of the type considered in
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TABLE 1. Energies (MeV) and rms radii (fm) of the ground state and first excited monopole state

calculated in the generator-coordinate method.*

Nucleus E, s E, VT AE =E\~E,
4He —37,06 1,78 -9,83 2,75 27,23
160 —144,58 2,63 —111,37 2,90 33,21
40Ca —402,29 3,40 —369,21 3,52 33,71

the CDFM with subsequent fission of the residual nucleus.
Such vibrations are possible in any finite system of fermi-
ons. For example, in Refs. 91 and 92 the zero-point vibra-
tions of a three-quark nucleon bag in a model analogous to
the CDFM were studied. In it, the excitation energy of the
Roper resonance, as the first excited breathing state of the
bag, is of the order of the excitation energies predicted in
the CDFM.

Besides ‘““hard” vibrations, it has been shown to be
possible to describe in the CDFM monopole vibrations of
breathing type (isoscalar giant monopole resonance) with
energies of order #iwy,~944~ 173 Mev (for A% 40). They
are in qualitative agreement with the results of Ref. 93
(i ~974~ 173 MeV) and with the data for certain nuclei,
which exhibit a dependence ~804 > MeV (Refs. 94—
99). Values were obtained for the coefficient of incompress-
ibility K , for finite nuclei (for !0, K, = 96 MeV; for °Ca,
K, =216 MeV; for *Zr, K,=194 MeV; for ''*Sn,
K,=167 MeV; for “Ce, K, =196 MeV; for 2%Pb,
K, =206 MeV), and these lead (see Ref. 94) to an esti-
mate of the incompressibility of infinite nuclear matter,
K, ~300 MeV, in the CDFM. This value agrees with the
result K = 300+25 MeV in Ref. 99.

The energies, rms radii, and densities of the ground
and first excited Ot states in “He, '°0, and “°Ca (Table I)
were obtained in the framework of the GCM with a con-
struction potential of an infinitely deep rectangular well
and with Skyrme forces with parameters 7= — 2765.0,
t,=383.94, t,= — 38.04, t;=15865, and 0 = 1/6 from the
relations (13)-(16), (25)-(29).%°

Spectral functions of deep hole states

Systematic experimental and theoretical investigations
of single-nucleon knockout and transfer reactions give in-
formation about the validity of the shell model (or a more
general quasiparticle approach) for the description of the
characteristics of single-particle nuclear states such as the
spectral functions, widths and energies of deep hole states,
occupation numbers, etc. It is particularly interesting to
make a comparative analysis of the values of these quanti-
ties for deep hole states and for states close to the Fermi
level, doing this for reactions of the type (e; e'p) (see, for
example, Refs. 100 and 101) and (p, 2p) (Ref. 102). In-
formation about the spectral function of hole states in the
nucleus was obtained. This function is determined by the
expression
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S(Ek)=(¥o|a* (k)S(E — H)a(k) |¥y),

where |¥,) is the ground-state wave function of the target
nucleus with 4 nucleons, a(k) is the operator of annihila-
tion of a nucleon with momentum k, E is the energy of the
residual nucleus relative to the ground-state energy of the
target nucleus, and H is the Hamiltonian of the system of
A — 1 nucleons. It was shown!%® that because of the resid-
ual interaction the hole state is not an eigenstate of the
residual nucleus, but is a mixture of several single-particle
states. It is found that the “smearing” of the shell structure
leads to broadened maxima of S(E,k), especially for deep
states. The expression obtained in Refs. 103 and 104 for
S(E,k) is

(46)

S(Ek)= Y, ¢*(k)pp(k)S(a,B,E)
a,B

~ 2 |@a(k) |*S(a,E), (47)
a

where S(a,E) is the energy distribution of the strength of

the hole state a, and {¢,} is the complete system of single-

particle orbitals generated by the effective potential of the

shell model. The experimental data show that the widths of

the distribution S(a,E) in the 1s hole state reach 40 MeV.

Calculations of the characteristics of deep hole states
were made in the quasiparticle-phonon nuclear model
(see, for example, Ref. 105) and in other microscopic ap-
proaches (see the literature cited in Ref. 105).

The Green’s-function method was found to be partic-
ularly suitable for studying nuclear spectral
functions.'®»'% In a number of studies, this method was
used to obtain spectral functions for nuclear matter, after
which the results were applied to finite systems by a choice
of suitable variables (Refs. 25 and 107-109). This proce-
dure is convenient because the properties of the hole dis-
tributions do not depend strongly on the details of the
nuclear structure.

In the framework of the CDFM, the following expres-
sion was obtained for the spectral function of the hole

states:!!°
f(a ( F) 1/2)
k u

where a = (9m4/8)"3, | f|? is the weight function in the
CDFM (see Sec. 1), 4 and E are parameters, and k is

ma 2

k[u(E—Ep)]"”?

S(kyE<EF) s

’
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FIG. 8. Comparison of experimental'® and calculated (in the CDFM''?)
spectral functions in **Ni (plotted along the ordinate).

interpreted as the momentum in the hole state. The spec-
tral functions obtained in the CDFM for *Ni (Fig. 8),
“0Ca, and %Si are in good agreement with experimental
data from analysis of the (e,e’p) reaction.'® The widths of
the hole states increase on the transition to deeper bound
states (for the ls state, they are greater than 40 MeV, in
agreement with the experimentally observed widths!®).
The spectral functions, centroid energies, and effective
masses considered in Ref. 110 are functionals of the density
p of the nucleus in the ground state. In the CDFM, the
main contributions to the S(k,E) peaks are associated with
definite intervals of values of the density. Thus, in the
model there is no need to regard the equilibrium density as
a free parameter, as is the case in approaches based on the
theory of nuclear matter (see, for example, Refs. 107-
109).

Natural orbitals and occupation numbers

The natural-orbital method (see Sec. 1) was used to
investigate the single-particle aspects of correlation ap-
proaches such as the CDFM* and GCM.* The natural
orbitals ¥,(r) and occupation numbers n, were obtained
for some nuclei by diagonalizing the single-particle density
matrix p(r, r’) [of the form (34) in the CDFM and (20) in
the GCM]. The following integral equation was solved:

fp(r,r')Wa(r')dr'=na‘lla(r). (49)
For nuclei with total spin J = 0, the single-particle density
matrix should be diagonalized in the {/jm} subspace,®
where /, j, m are the quantum numbers corresponding to
the single-particle orbital and total angular momentum and
the projection thereof. In the case of spherical nuclei, the
natural orbitals afe sought in the form

unl(r)
r

‘Pnlm(r) =Rn1(r) Ylm(ev(p): Ylm(0,¢7)y (50)
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and this leads to an integral equation for the radial func-
tion u,,(r):

@

fO KI(’prl)unI(rl)dr’=nn1unl(r)- (51)
The kernel K(r,7') is determined by the form of p(r,r’) in
each particular case. In the GCM, Eq. (51) has nontrivial
solutions only for I</,,,, where [ ,, is the maximal angular
momentum of the single-particle states whose wave func-
tions occur in the Slater determinant ®({r;}; x). The nat-
ural occupation numbers obtained in the CDFM and
GCM (with different construction potentials) are given in
Table II. It can be seen that the decrease in the occupation
of the levels below the Fermi limit ranges from 0.9% for
“Ca to 1.6% for *He in the case of the GCM with a
rectangular well as the construction potential and is less
than 0.5% for the GCM with an oscillator construction
potential.

In the case of the CDFM, this value varies between
25.9 and 39.9% for 2%8Pb, %*Ni, “’Ca, and '%0. A decrease
of the level occupations by about 15% was obtained for the
“0Ca nucleus in the correlation method of Ref. 25. Analysis
of the nucleon momentum distribution in the NOM®!
showed that a decrease of the level occupation below the
Fermi limit for “*Ca of order 3-49% was insufficient for a
realistic description of the high-momentum components of
the nucleon momentum distribution.

As was shown in Sec. 1, diagonalization of the single-
particle density matrix makes it possible to obtain consis-
tent natural occupation numbers and single-particle func-
tions in the framework of the CDFM and GCM. As
examples, Fig. 9 gives the natural wave functions in the
coordinate space for the 2s state in the “°Ca nucleus as
calculated in both approaches and compared with the func-
tions in the Hartree-Fock approximation found in Ref.
111. The functions differ appreciably in the central region
of the nucleus. In the momentum space (Fig. 10), the
effects of the nucleon-nucleon correlations are more pro-
nounced in the CDFM and GCM. This result agrees with
the behavior of the nucleon momentum distributions.
Comparing the occupation numbers and the natural orbit-
als in the CDFM and GCM, we can assert that in the
former the short-range correlations have an effective influ-
ence on both the occupation numbers and the wave func-
tions, whereas in the latter the main effect of the correla-
tions is in the wave functions. As was noted in Refs. 4 and
40, allowance for the influence of the correlations on the
wave functions is decisive for a correct description of the
momentum distributions at large momenta.

To conclude this section, we note that experimental
data for the occupation numbers exist for states near the
Fermi level for several nuclei of the rare-earth elements'!?
and for some lead isotopes.!'>!!3 As was noted in Ref. 49,
these data were obtained by a model-dependent method
using single-particle functions from approaches without al-
lowance for nucleon—nucleon correlations. This means that
the occupation numbers and wave functions are not deter-
mined from a unified consistent scheme that takes into
account the correlations.
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FIG. 9. Natural orbitals in coordinate space for 4OCa (2s state): 1) results
of the CDFM* with an infinitely deep rectangular well as the construc-
tion potential; 2) Hartree—-Fock method (Ref. 111); the dotted curve
gives the results of the GCM* with a harmonic-oscillator construction
potential, and the broken curve gives the CDFM results.*

of 750-MeV electrons by the “’Ca nucleus and 502-MeV
electrons by the 2°®Pb nucleus are given together with the
12¢ and 'O form factors in Figs. 11 and 12, where they are
compared with experimental data from Refs. 116 and 122.
The use of p(r) from Ref. 121 and the high-energy approx-
imation in the framework of the CDFM leads to a correct
description of the experiments, namely, to better agree-
ment with the data at small angles than for the Born ap-
proxirhation, to partial filling of the diffraction dips, and to
a description of the cross sections and form factors up to
appreciable momentum transfers (for example, the third
maximum of the cross section is described for the nucleus
40Ca, as well as for >C and 160, in contrast to the results of
Ref. 116 using the high-energy approximation and symme-
trized Fermi density). This fact is related to the effects of
the short-range correlations taken into account in the
CDFM.

Quasielastic electron—-nucleus scattering also gives in-
formation about the part played by short-range correla-
tions in nuclei. It is found that they have a strong influence
on the (e,e’') cross section at large energy transfers o (Ref.

2 3
st ) fm

k, fm~1

FIG. 10. Natural orbitals in momentum space for *“°Ca (2s state). The
curves are as in Fig. 9.
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123); this cross section cannot be described in the model of
a Fermi gas of noninteracting nucleons.'?* Several theoret-
ical studies (see, for example, Refs. 125-127) have been
devoted to the effects of the nucleon—nucleon interaction
for description of numerous experiments on the determi-
nation of the cross section of quasielastic electron scatter-
ing (see, for example, Refs. 123, 128, and 129).

In the single-photon approximation, the cross section
of the (e,e’) process has the form!'*

d*o : S
(dQZdEZ)lab—]VTGM[ 2(q ,Cl))

+ 2W,(¢%,w)tan%6/2], (57)

where My and Z are the mass and charge of the target
nucleus, oy is the Mott cross section, q is the three-dimen-
sional momentum transfer, and w = E,—E, (E; and E, are
the energies of the incident and scattered electrons).

In the framework of the CDFM, the nuclear form fac-
tors W, and W, are expressed in the form'!

Wy (o) = f: dx|£(x) W (Box); (58)

Wy (dho)= fo dx|f(x) |*W, (% 0.x), (59)
where W,-(qz,w,x) (i=1,2) have the same form as the
form factors in the independent-particle model,'* but the
Fermi-gas momentum distribution 8(kz—k) is replaced by
0(kp(x) —k)[kg(x) is the Fermi momentum in Eq. (33)
of a flucton of radius x]. Calculations'*! showed that al-
lowance for the correlations in the CDFM leads to a larger
cross section at large energy transfers o than calculations
in accordance with the Fermi-gas model and to a general
improvement of the agreement with the experimental data
at large and small o (Fig. 13 gives an example for the *’Ca
nucleus). Calculations in the CDFM!*! for the longitudi-
nal, R L(q2,a)), and transverse, R T(qz,a)), response func-
tions

2 2

2 Z q 2 q2 2
RL(q 9(0):E? —Wl(q ,Cl)) + 2W2(q 70)) ’ (60)

q
ZZ

RT(qzsm) =M_2W1(q2,(0) (61)
T

(where g is the 4-momentum transfer) using the effective
mass M* = My/1.4 reveal better agreement with the ex-
perimental data for R; than for the result in the impulse
approximation. The theoretical result in the CDFM for the
transverse function R4 does not agree with the data in the
region of the maximum. The results in the CDFM have a
relation to the general problem of response functions. The
point is that the longitudinal function is largely determined
by the single-nucleon processes, while the transverse func-
tion is sensitive to effects of meson exchange currents,
particle-hole excitations, meson production, excitation of
the A resonance, and other factors. The Fermi-gas models
describe the transverse functions successfully, while the
results for R; lie above the experimental data. Various

A. N. Antonov and |. Zh. Petkov 399



10-2

04}

e

sr—!

d6/a®, fm?
3
.

5

10’72 1 1 1 L L L L
20 30 40 50

6, deg

FIG. 11. Differential cross section for elastic scattering of 750-MeV elec-
trons by “°Ca nuclei. The continuous curve is the result of calculation in
the high-energy approximation and CDFM!'"!!® using the density p from
Ref. 121; the black circles are the experimental data from Refs. 116 and
122.

IFI? a6/d2,107%7cm?-sr~
10°
11077
, B 208,
1072} .
u 41079
104k .
B H10°5
10
1072 i
3 ~10°7
1072 'Y
1107
1074 41076
-Lm”
g \ /7N
10751 i Y 170 -6
B -~ 1077
108 I H0*

Qetts fm™ !

FIG. 12. Form factor of elastic scattering of electrons by '?C and '°0
nuclei and differential cross section for elastic scattering .of 502-MeV
electrons by 2°®Pb nuclei. The continuous curve shows the result in the
high-energy approximation in the framework of the CDFM'!"!!® using
the density from Ref. 121; the broken curve is the result in the high-
energy approximation using the symmetrized Fermi density (Ref. 116);
the black circles are the experimental data from Ref. 116.
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FIG. 13. Differential cross section for quasielastic scattering of 500-MeV
electrons by “’Ca nuclei (6 = 60°). The dotted and chain curves are the
contributions from pion production (s wave) and from excitation of the A
isobar, respectively; the broken curve is the total result in the Fermi-gas
model (Ref. 129); the continuous curve is the result in the CDFM, 3!
with the addition of the contributions of pion production and excitation of
the A isobar calculated in the Fermi-gas model.'?

attempts have been made to describe R; and Ry simulta-
neously from numerous experiments (see, for example,
Refs. 112-138). They are associated with effects like the
decrease of the level occupations of the Fermi sea under
the influence of the short-range nucleon—-nucleon
correlations, ! particle-hole correlations,*’ the increase
of the nucleon charge radius in a nuclear medium,l‘“‘l45
the influence of meson exchange currents'*® and the A
resonance,’*’ etc. Some nonrelativistic approximations
have been used—Hartree-Fock with a density
dependence,14 Tamm-Dancoff,'*® the random-phase
approximation,’®®!®!  the interaction-time approxi-
mation,'*? and various relativistic models.®>'*° In most of
these studies, the longitudinal function was correctly de-
scribed, but not the transverse response function. In our
opinion, this question is still open in nuclear theory.

8

Elastic and deep inelastic scattering of intermediate-
energy protons

Experimental study of the scattering of intermediate-
energy protons by nuclei has particular interest for nu-
clear-structure theory because of the possibility of obtain-
ing information about dynamical short-range correlations,
Pauli correlations, center-of-mass correlations, correlations
associated with clustering of nuclear matter, etc.

Although there have been many studies of the effects of
correlations on the proton scattering cross sections, this
problem remains open. Different, and sometimes contra-
dictory conclusions have been drawn about the influence of
correlations on the cross sections, especially on the influ-
ence of dynamical short-range nucleon-nucleon correla-
tions. For example, it was concluded in Refs. 156 and 157
that the effects of the correlations are small, and it was
shown in Ref. 157 that they amount to 10-12% of the total
correlation effect. However, the calculations of other stud-
ies (see, for example, Refs. 158-163) indicate that the in-
fluence of the correlations on the cross sections cannot be
ignored, since it leads to a significant increase in the cross-
section peaks [for example, of order 24 and 35% for the
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first and second maxima in the case of 40Ca; 9,23, and 33%
for **Ni; and 15, 23, 30, 37, and 43% for *®Pb (Ref. 159)].

The influence of short-range nucleon-nucleon correla-
tions on the cross section for scattering of 1-GeV protons
by “Ca was studied in Ref. 164 in the framework of the
CDFM and Glauber-Sitenko theory (Refs. 165 and 166).
The amplitude of the process was expressed in the form
(38), where

Ao(xg) =F,(q) + ik f Jo(gb) {explix,(5)]

— G4(x,b)explix,(x,b) ]} bdb; (62)

J»(q) and x,(b) are the Coulomb amplitude and Coulomb
phase shift for scattering by a point charge Z, y,(x,b) is
the flucton Coulomb phase shift, and G,(x,b) is the nu-
clear part of the amplitude of one flucton.'®” The calcula-
tions were made using realistic charge densities (obtained,
for example, from a model-independent analysis'®®). They
showed that the cross section in the CDFM differs appre-
ciably from the cross section in the independent-particle
model'®’ (Fig. 14) and agrees better with the experimental
data.

Allowance for the noneikonal corrections to the two-
particle proton—-nucleon amplitude (in the form of Ref.
169) confirms'’™ the conclusions drawn in Ref. 164 about
the important role of the CDFM correlations and improves
the agreement with the data for large angles (6, R 18°).

Investigation of high-energy inelastic hadron—-nucleus
interactions shows that the energy of the inclusive particles
reaches values significantly greater than those allowed by
the kinematics of a free hadron-nucleon collision. It was
suggested that such energy spectra of the particles are due
to short-range nucleon-nucleon correlations.!”"!”? The ex-
perimental data on the production of protons at large an-
gles in proton-nucleus collisions at intermediate energies
(600-800 MeV)!73175 were analyzed under different as-
sumptions about the interaction mechanism.!”®!”” In the
CDFM, deep inelastic proton scattering has been
treated!'®!”® in the framework of the single-particle scat-
tering mechanism of Ref. 177, in which the incident proton
knocks out a nucleon (with momentum k in the nucleus)
that is observed in the final state with momentum q. The
differential cross section of the process'’”!™ is calculated
by means of the proton momentum distribution n(k) of
the target nucleus obtained in the CDFM. In Fig. 15, the
calculation in the CDFM is compared with the experimen-
tal data and with the results from Ref. 177 for the cross
sections of the process p + 2C—p(180°) + X. It can be
seen that there is satisfactory agreement with the experi-
mental data, the reason for which is the appreciable differ-
ence between the momentum distribution n(k) in the
CDFM and n(k) in models with correlations. A similar
result was also obtained in Ref. 178 for a relativistically
invariant structure function. Use of the nucleon momen-
tum distribution with a high-momentum component for
the '2C nucleus from the CDFM and from Ref. 177 leads
to a correct description of the angular dependence of the
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FIG. 14. Differential cross section for elastic scattering of protons (1.04
GeV) by “Ca. The charge density is from Ref. 168. The continuous curve
is the result of the calculation in the CDFM,'®* and the broken curve is
the result in the independent-particle model.

polarization of the protons emitted in the process p(640
MeV) + 2C—p + X (Ref. 180).

It should be noted that the mechanism of proton pro-
duction at large angles has not yet been fully clarified. The
existing models (see, for example, Refs. 78, 79, 176, 177,
and 181-184) describe successfully one set or other of the
characteristic features of the process. The results of exper-
iments studying coincidences of a proton emitted back-
ward with a proton emitted forward'®>'® present a serious
test for the range of applicability of the various mecha-
nisms. It was shown in Ref. 186 that the mechanism of
scattering by a two-nucleon cluster in the nucleus can play
a more important part than the single-particle mechanism.
The energy range in which the single-particle cluster mech-
anisms of the reaction are valid was established in Ref. 79.
However, it is emphasized in Ref. 78 that, irrespective of
the differences between the proposed mechanisms, analysis
of all known experimental data on inclusive scattering of
protons in proton—nucleus collisions confirms that the nu-
cleon momentum distributions contain a high-momentum
component associated with nucleon correlations.

Elastic scattering of « particles and heavy ions by
nuclei

Experiments on the scattering of a particles of inter-
mediate energies (1.37 GeV) by the 12C nucleus'®’” and by
the calcium isotopes 404244480, (Ref. 188) make an im-
portant contribution to the study of hadron-nucleus and
nucleus—nucleus interactions. At the same time, theoretical
analysis of the processes in the framework of Kerman-
McManus-Thaler theory'®® and in GlauberSitenko
theory'®>1%6 made it possible to investigate the influence of
short-range correlations on the scattering cross section. It
was shown in Ref. 190 that the effects of the correlations in
the region of the first diffraction peak are small and in-
crease at large momentum transfers. It was shown in Ref.
191 that the correlations have a small influence on the
peaks of the cross section for scattering of a particles by
calcium isotopes. However, it was established in Ref. 192
that the effect of the short-range correlations on the second
diffraction peak was very large (~350%). In Ref. 193, the
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FIG. 15. Differential cross section for inclusive production of protons at
angle 180°: 1) result in the CDFM (Refs. 118 and 178); 2) data from Ref.
175 interpolated to 180°% 3) experimental data from Ref. 173; 4) result
from Ref. 177.

corrections to the scattering amplitude associated with nu-
cleon correlations in the case of the nuclei C and “’Ca
were estimated.

The CDFM was used to analyze a-particle scattering
by '?C and calcium isotopes in Refs. 48 and 118. The scat-
tering amplitude was expressed in the form (38), in which
the amplitude for scattering by a black body'** was taken
as the amplitude for scattering of a point a particle by a
flucton of radius x[4,(x,q)]. Then the scattering cross sec-
tion has the form

2

do' ko 2 © 2
(;) ’ fo dx|f(x)|"xJ1(gx)| ,

Q= (63)
where k; is the wave number of the incident a particle, g is
the momentum transfer, J; is a Bessel function, and f(x) is
the CDFM weight function, which in the calculations was
determined from the relation (37). The CDFM results
agree with data on the scattering of a particles by the
calcium isotopes and by 2c (Fig. 16), the agreement in
the last case being, moreover, appreciably better than in
the other approaches (Refs. 187, 190, and 195-197) and
comparable with the result of Ref. 193.

To conclude this section, we consider the elastic scat-
tering of heavy ions by nuclei. Analysis of this scattering in
the framework of GlauberSitenko theory'*%!%-2! showed
that the influence of the short-range nucleon-nucleon cor-
relations, like that of the correlations associated with the
center-of-mass motion, on the cross sections of elastic ion—
ion scattering is very appreciable (see, for example, Ref.
201). The effects increase the diffraction peaks (15-20%
for the second and 25-35% for the third in the '2C + '2C
and %0 + '°0 elastic scattering cross sections at energy 2.1
GeV/nucleon).

Elastic scattering of heavy ions was investigated in the
CDFM in Refs. 118 and 202. The study used the mecha-
nism of diffraction scattering of a flucton of the incident
nucleus by a black flucton of the target nucleus with al-
lowance for the contributions of superpositions of fluctons
of both nuclei and the Coulomb interaction. The elastic
scattering cross section has the form
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FIG. 16. Differential cross section for elastic scattering of 1.37-GeV a
particles by '2C nuclei. The curve gives the result in the CDFM,**!® and
the black circles are the experimental data from Ref. 187.

do 02
da— e ®|: (64)

where

Aw(0) = J‘Ow dx; | f1(x1) |2f0w d%y| f2(x3) |PAo(0,%1,%,),
(65)
and
J1(1,6)
6

if.,.
A0(9,x1,x2) zz l(z)m +1

+2in9—2f"~2f Jl(z)z2i”dz] (66)
o

(see also Refs. 194 and 203). In Eq. (66), k is the length
of the wave vector, 6 is the scattering angle,

"
-E
Sl<
NE
S|S n-1 L
g
+
+
+
10'2 g 1 1 1
o W 20 30 40
Ocms. deg

FIG. 17. The ratio (do/dQ)/(do/dQ)g., for Ni('’C, 'C)*Ni
(Ejp = 124.5 MeV) elastic scattering. The continuous curve gives the
result in the CDFM,''8202 and the experimental data are from Ref. 198.
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ly=k(x; + x,), and n=Z,Zze2/(fiv) (v is the velocity of
the incident nucleus). The functions |f}(x;) |2 and
| f>(x,) |? for the incident nucleus and for the target nu-
cleus were determined by means of their density distribu-
tions from (37). The proposed approach is valid for small
scattering angles (6<1) and under the condition /;>1. In
Refs. 118 and 202, the ratios of the cross section do/dQ to
the Rutherford cross section (do/dQ) were calculated in
the CDFM without free parameters for the elastic pro-
cesses *Ni('2C, "C)*Ni (B, =124 MeV)gp,y, and
29Bi (190, 1%0)2®Bi (E,,;, = 134 MeV). Satisfactory agree-
ment with the experimental ratios'*®?** was obtained for
angles 0«1, at which the diffraction approach is valid [see
Fig. 17 for the process **Ni('*C, *C)*Ni].

CONCLUSIONS

In this paper, we have considered theoretical ap-
proaches that go beyond the mean-field approximation,
and we have considered their use in the investigation of
nuclear structure and nuclear processes. The approaches
include the Jastrow method, the exp .S method, the various
realizations of the motion of natural orbitals, etc. We have
presented in more detail results obtained in the coherent
density-fluctuation model, in the generator-coordinate
method, and in the natural-orbital method.

On the basis of the Hohenberg—Kohn theorem we have
established the existence of a unique functional relation-
ship between the nucleon momentum and density distribu-
tions in nuclei. We have proposed a nuclear energy func-
tional of two quantities that are on an equal footing for the
theory—the density and momentum distributions of the
nucleons. Such a formulation is a generalization of the
approaches and models in which only the density or only
the momentum distribution is a dynamical variable.

Allowance for intermediate nuclear states with density
greater than the equilibrium value in the CDFM and in the
GCM (with a construction potential in the form of an
infinitely deep rectangular well) makes possible effective
inclusion of short-range nucleon—nucleon correlations. In
these approaches, high-momentum components of the nu-
cleon momentum distributions are obtained for a large
number of nuclei, and they agree with the available exper-
imental data.

In the CDFM, a satisfactory description of the energies
of giant isoscalar resonances has been obtained. The pos-
sible existence of collective breathing states with high en-
ergies has been predicted. Spectral functions of deep hole
nuclear states of a number of nuclei in agreement with data
from (e,e’,p) reactions have been obtained in the frame-
work of the CDFM. A growth in the width of the hole
states on the transition to deeper bound states, in agree-
ment with the experimental results, has been established.
The experimental results on the EMC effect can be inter-
preted by means of the spectral functions.?®’

Natural orbitals and occupation numbers of states for
various nuclei have been obtained by diagonalizing the sin-
gle-particle density matrix in the CDFM and GCM.

The influence of the nucleon—nucleon correlations that
are taken into account in the CDFM on the cross sections
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for elastic and quasielastic scattering of electrons, elastic
and deep inelastic scattering of protons, as well as elastic
scattering of ions is very important for the realistic descrip-
tion of these processes. The results presented here show
that a description of the properties of finite nuclear systems
at both low and high energies must be sought on a unified
basis by methods that go beyond the mean-field approxi-
mation.
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